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M/uecr-ane low tear annihilaclon la an aeeraceiva energy aource Co conslde 
for Che propulaion of future a(*acecrafc. Annihilation producea conaidctrubly 
mort* tMn*ry,y por unh’ mnaa of propellnnt then nny other known monna of energy 
production. 

Aaidc from the problem of the production of antimatter in the amounta 
required, an antimatter annihilation rocket requirsa aeveral ayatema and 
co'^^ponenta that are unique to ica nature. Among Cheae are an antimatter 
storage system, a means to extract the antimatter from storage, a system to 
LrauaparL the antimatter to tlie rocket engine, and tite engine wherein 
annihilation occurs and thrust is produced. 

Concepts uptin wliicl) the design of these systems and components miglit he 
based arc presented and discussed. 
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I. incroducclon 

Ttiu uiiniUliaLioii ot iiutcur through contuct with untimuttur producuti more 
onorgy per unit uiavii than any other ncana of energy product ion • This fact has 
led to nuacroua suggeations that Batter-antlnatter annihilation be considered 
as a means of propelling future spacecraft MJ (2] 131 (A)i 

it is the purpose of this paper to present rhe results of a particular 
line of work conducted over the last- several years, in which some of the 
problems Involved in the conceptual design of an antimatter annihilation 
rocket h/ivo boon explained. Ideas are proposed upon which designs of some of 
the major components of such a rocket might be based. Included are rocket 
inoiors ill which anitihi lation takes place and tlio annihilation energy Is 
converted to thrust. 

To acitievc rocket propulsion through annihilation at least the following 
must be accomplished: (1) the production of substantive antimatter in at least 
milLigruffl quantities, (2) storage of the antimatter in the rocket. O) extrac- 
tion on a continuing basis of tlie antimatter from storage. (4) transferrai of 
1 he ani itiiau cr to the annilii lation region, (t») aitniiii lation. and (6) i'onvt>rKion 
of the annihilation energy to rocket thrust. In the following sections 
concepts in various degrees of detail are presented for achieving items (2) 
through (6) along with discussions of remaining problems. In addition 
elements of the underlying physics are discussed. Item (1) has been dealt 
with by others (3]; it will not be considered here. 

A great amount of detailed research is required before the design ot an 
antimatter annihilation rocket could actually be attempted. Such researcli 
would go well beyond the scope of the work presented here. In this article 
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' fiiHMii hi lo Hi'i I’ortli KOI.K* i<lu»H ulul coricuptM Ulmt nuiy 1 k» rolovmit U> Uic* 
dL'Kiiju «<r Ll.u iiiii.joi’ unique cuwitununlu oi uucji u rocket. Tliuoe ideas and 
r(iiu‘«'pit! ari' dlnt’iiHned witli varyiiq*, leveln of com|>iet(>neKK /tnd v/ith reationln;' 
that varleu i'roia quaiitutive to quantitative. 

il it. l)ii|M>d ilt.il llihi v/ork vtill be |>arl itl' a Itanlti I'tti* riiliin* ni 

a nore detailed and a niore complete nature. 

1. Antimatter 

Aid fiiitil I t'l' in rom|iuiie»l ul' rnnd/iliu'iil a I pan h* l*‘ii .juai an hi iii.illar, Tlii-i.c 
"antiparticieo" arc the ulrapleut form of antimatter. For nearly every type v'tf 
hiiii|.iiiii*id il I p.M'lM'li* I in a iMirn*npinnl >p, I yp«* nl' i'niMl.’inHMil ;i I indi- 

particle. The only exceptions are certain particleu. uucli us the photon am! 
n'‘tilt‘.i) pi iii»‘(.iiii (neidral pion). IT Jiid iptirt ielen I'or (hem' eould he 
produced, they would be identical to the particleu themuelveu, so there is no 
lU'i'd l4ir ii d !>it i ncLitin beinu iiuide. An antiparticie is identical to itn 
c’orrei.pumhnp, particie In rei^ard to a number of properties, e.t^(. muss, it it. 
ill)' iippiitiiii' I'land I'rp.ii'L lo ( Im eerri'npuntl i iq* pai'ii ’v it* in lerun el .i I «h/ 
properties. The roost notable of these is electric clmrfic. In fact, for every 
lyin' III rli.'irf'i'd p.irfieiv there is n type of nnt ipnrticie with ttppin.jle vliarpp' 
and itIenticaX mass. 

The monL impurhinL property of antiparkicies fur tiio prenunt purposes In 
that they anailiilate with particles. In the annllillation reaction a iarue 
Ir.-it'iion of Uie inisial iisms is 'converted to eiierp,y. Tiie eaerqy prodnetion 
I'oJ lows Kiasteia^u equation, k " nic^, where 1:1 is tiie energy produced, m is 
Liie mass anniliiiated (initial minus final muss), and c is tlie velocity of 
lil'iiL. Matter-antimutter anniliilation produces lauch wore energy for a f;ivfn 
inUiai total ma.ss than any otlier currently knov/u process, IncluUirqi fusion 
ami fission. 
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Antiproconii, antlnouCrons, and anciolectrons (poalCrons) can join 
tu^uibur lu iom unLinucioi, unkiatoaa, and antiaoleculea in uxacciy iUe uumu 
way that the corrcaponding particlea can form nuclei, atoms, and molccuics> A 
collection oi vury large numbers of antiatoms and/or antimolecules in the form 
of a gns, liquid, or solid con be termed substantive antimatter (or 
untisiibstancc) . The simplest form of substantive antimatter is antihydrogen. 
This is composed of molecules whldh consist of two antihydrogen atoms each. 
Each of these antiatoms consists of an antiproton (itself an antinucleus in 
this case) with a positron (antiolcctron) bound to it. 

Antiparticles and simple antinuclei have been produced in the laboratory 
by particle accelcrntors and arc found in primary and secondary cosmic rays. 
Antiatoms have not been produced in the laboratory although they probably 
could be, in small numbers, with presently available means. Substantive 
antimatter might exist somewhere in the universe (antigalaxies perhaps), 
although this might be doubtful on some theoretical grounds. There is no 
curreni ubsurvationai evidence for its cosmoiogicai existence. 

3. Annihilation 

Nauer-'alU imatter annihilation occurs on the part icie-anti particle 
level. Annihilation occurs when the particle and corresponding antiparticie 
come sufficiently close so that the distance between them is about equal to 
their linear sixes or less. Annihilation can also occur between a particle 
and an antiparticie of an otherwise different nature, but the probability of 
annihilation Is generally less for the same interparticle distance. Examples 
of annihilation reactions of particular concern here are 
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“ o 
IT + n + IT 


0 ) 

( 2 ; 


p + p 

ui*d <i" i- u ‘’“*-2Y 

in (1) a potticively charged proton (p) and a negatively charged 
nnciproton (p) nmiihilnCc to produce a poaitlvc, n negative, and a neutral 
plon. in («0 an electron (e ) and a poaltron (e ) annihilate to produce 
two gamna niyn (V)> Products other than those shown for (1) and <2) arc also 
posslbie. In (1) additional plons and/or other nesons heavier than the plon 
may lu* prodiuMul, The plons and other mesons eventually decay Into other 
particles including muons (}i ) and antimuons (pk ), which also decay, and 
gnmnut rays. The final products of p-p annihilation are electrons, positrons, 
neutrinos, and gamma rays. Gamma rays may he produced directly, but such an 
occiirenee is relatively very unlikely. If the electrons and positrons from 
this process can be brought together to annihilate, then the only remaining 
products are neutrinos and gamma rays. In (2) higher numbers of garocaa's may 
also be produced, although the likelihood of this is quite low. 

Reaction (1) involves a total mass energy of 1877 Mev. About 60Z of this 
initially goes into the VI etic energy of tlie charged mesons (nearly all 
plons). Later this number will be seen to be important in regard to how much 
of the p-p unnihiiation energy may be used for rocket thrustv^ The total muss 
energy in reaction (2) is about 1 Mev. This energy goeti entirely into the 
energy of the gummas. 

Particle-antlparticle reactions such as (1) and (2) form only a portion 
of the reactions that are important for matter-antimatter annihilation as It 
is likely to occur in a rocket. This is because the minimum useful amounts of 
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^ncinutcer, uwall in some .ippllcotions, are large enuujh relative to the 
wuigta 1)1 Utu rocket uo that the uae of antiouittur uturuU in the iurm ul ireu 
antipyrtlclea (o.g. antiparticloa in a storage ring within the rocket) is 
probably not i'easibie. it will probably be necessary to use substantive 
antimatter, and for case of handling this will probably be in solid form. 

When substantive antimatter is involved in a controlled annihilation 
process, it is necessary for certain atonic scale reactions to take place in 
order that annihilation of the nucleus and antinucleus occur 16] [7], It Is 
the nuclcus-*antinuclcus annihilation that produces, by far, the roost energy In 
the annihilation of natter and antinattcr. These reactions bring a nucleus 
(e.g., p) and an antinucleus (e.g., p) close enough to one another for 
annihilation to take place. Examples of ‘such reactions involving antiprotons 
and atoms of liydrogen (H) and antihydrogen (H) arc 



p + H~*“Pn + e” 

(3) 

and 

li U~*-Pn Ps, 

(A) 


where Pn, protonium, is an atom which is a bound state of a proton and an 
aiitiprotuii, and Ps, positronium, is an atom which is a bound statu of an 
electron and a positron. In reaction (A) it is possible to obtain unbound 
e + e instead of Ps. The p and p in Pn and the e and e in Ps 
annihilate in times on the order of microseconds or less once the Pn and Ps 
arc formed. The cross sections for reactions (3) and (A), which occur at 
incident energies of one reactant on the other from zero to about 1 cv, are 
known and have energy dependent values that lie between ordinary atomic areas 
and a few tens of times as great for energies in the thermal range. Estimates 
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of chowc crottw ucccions are given in references (6], [7]« and (8) along wirh 
cruhu uuuiiuns iur curiuin oilier ruuclunls. The cross section for reucUon 
(3) is shown In Fig. 1. 

4. Anilmatiur Storage 

It can be readily demonstrated that substantive antimatter cannot be 
stored In any way In which it is allowed to come into contact with matter. 

Here "contact" refers tn situations in which atoms of matter and antimatter 
can come closer than about 20 or 30 Uohr radii from one another, which In the 
case in all ordinary means of storage. For even milligram quantities of 
KubKtanllve antimatter, contact with matter will lead, at Icaat, to electron- 
positron annihilation. This will, at least, produce intolerable heating in 
any Mirroundlng matt<*r In addition to vaporisation and depletion of tlie 
antimatter. 

Hence, ordinary methods of matter storage are not feasible for 
antimatter. Tlie antimatter must be stored by suspending it eiectromugnet- 
icaliy in a high vacuum such us may be found in interplanetary space |9). One 
such possibility is Illustrated in Figure 2. Two sectioned, curved plates of 
opposite cliarge about 10 cm apart provide an electric field tiiat suspends u 
charged sphere of solid antihydrogen. It is presumed that gravity or rocket 
acceleration forces on the sphere act downward in the figure. The charge on 
the plates may be adjusted to balance these forces. If the sphere and curved 
plates are charged to 100,000 volts, the suspension forces are sufficient to 
counter an upward acceleration of 3g (g “ 9.8 m/s ). The negative charge on 
the antihydrogen sphere might be accomplished by ultraviolet irradiation of 
the sphere in an electric field. This would cause positrons to escape from 
Che sphere, leaving behind an excess of negatively charged antlprotons. 
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The form of chc olaccrlcal field produced by the curved electrodes Is 
uuclt Lisa u pulai ul stebie uqulllbriuui exists fur the sphere in the verticui 
direction. This reduces the precision by which the voltage on the plates must 
be control, ed to keep the sphere near the center. No such equilibrium exists 
in the horizontal direction, however. Here the forces tending to move the 
sphere away from the center position are less than in the vertical direction. 
Its horizontal position can probably be adequately controlled by adjusting the 
voltages on the plate sections in a horizontally asymetric manner. 

Tho posUinn of the sphere could bo sensed by tlio use of microwaves of 
sufficiently low intensity that they would have no significant effect on the 
solid sot {hydrogen. 

Even in the case of suspension of antimatter in a nearly perfect vacuum 
there are poiential problems with unwanted annihilation. Whereas tho matter 
in the vicinity of the antimatter can be chosen to have a negligible 
sublimation rate, Lliis may not be true of tiie antimatter (assumed to be solid 
lor ease oi suspension). Ttiu subiimen un|,iutowu can unnihliate with oLoius of 
nearby iiiaLter. The rate of lieut production, within Lite eiaimaLler duo sueJi 
annihilations is 


W 


nf jf 2 A 

T 


X 10^ 


calories 
mole sec. * 


<5) 


where u is the number of moles of antimatter, n is the number of antiatoms per 
antimolecule, fj is the fraction of the solid angle surrounding the suspended 
antimatter that is taken up by matter, fraction of the 

annihilation energy deposited in the antimatter, A is the lesser of the atomic 
numbers of the matter and anitmatter and t Is the mean lifetime against 
evaporation of the antimatter in years. For the case of one gram of solid 
antihydrogen equation (5) becomes 
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calorieB 

B«c. 


I 


( 6 ) 


.^6 

— — X 10 


To Builnuln cho aocliMCUr at a conatanc teaparature toqulraa an onargy 
lOBrt rnto fro» tl>o antinattcr equal to W. Aaaualng, the loas aechanlKm to bo 
thevaul ratliatloni and applying the Stephan-Holticaan law for total thermal 
radiation from n black body to a one grom apherc of antihydrogen at Its 
freezing p> Int (u\), the energy loaa ia 


W - 1.4 X 10“^ -Si* (7) 

aec. 

wituru Llio iuuaii Luw|iiiruLuru uf the surrounding Itus boon tukun to bo uboui 
4^K. This la about the minimum that can be achieved in space through 
passive means such as shielding. Combining equations (6) and (7) gives 

T - ljl‘2 H V X 10* ‘ years, (b) 

Lowering the uieun Lemperuturu of tisi surroundings to less tiiun 4^K would 

Isive liule el'I'euL f(tr tlte ant iitydrogen ai IA'^K. 

By making the region n round the antihydrogen mostly open space it might 

*2 

be possible to uiuke C| as low as 10 and by minimising tlie siae of the 

electrodes and moving them farther from the sphere than shown in I'ig. 2 (with 

correspondingly greater voltages) it might be possible to make £2 as low as 
-5 

10 . A possible form of the resulting suspension mechanism that might 

accomplish these values of fj and £2 is shown in Fig. 3. Here a shield 

lius been added to provide at least some protection against micromcterltes If 

such should be needed. Although it is clear from tite figure that geometrically 
_2 

f^ is not 10 , the same effect might be accomplished by the arrangement 

of surface angles so that sublimed antiatoms or antimolecules strike the 
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NurfocoK at vary swall anglss Itading to a high prohabllity of thelt 
rul liiutiuiu 

5 

With the vaXuea of f| and §2 *lv«n abova (ft) glvaa TsiO yoara, 
kougli uuitiulutlona buuod on thu known vapor praaauro of aoUd hydrogun at low 
tcnpornturoK lndic<>;to that thin in acvornl orders of nagnltude gronter than the 
■uan Ufetluu against subiinatlon that can be expected of solid antihydrogon 
at in a vacuum, towering the temperature of the antihydrogen to near 
absolute xero and surrounding it by matter at a distance of several meters 
that Ik actively refrigerated to a temperature even closer to abKolute r.ero 
might help. This is because the sublimation rate decreases faster as the 
temperature Ik lowered below that does the rate of energy Iokk tlirougli 
radiation. ' 

A better Kolutlon to this problem might possibly be obtained through 
active refrigeration of the suspended antihydrogen by an electromagnetic 
means. This is dene with some forms of matter in certain areas of 
experimental, lew temperature physics. This possibility lias nut been 
inVi'Kltgated, but Kitould it prove feasible a mucli liigiker rate of lieating dtu* 
to annihilation might be allowed. This, coupled with the lower temperature of 
Li)e ant i hydrogen, could lead to values of r that are tolerable in regard to 
the annihilation energy produced and in regard to avoiding any significant 
depletion of tite antihydrogen. 

Anotiter solution, of course, would be to employ a heavier antimatter 
element than antihydrogen that would have a very long lifetime against 
sublimation in the solid state. However, such an element would, undoubtedly, 
be fflucii more difficult to produce. 
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5, KHtraccfon dnd Transport of th« AntiiMitUr 

in Lilia Motition a ciaacription ia givan of a iiathod by wtiich antlmuciur 
nay h« continually withdrawn from atoraga and tranaportad to othor portions oC 
Lhu rockut. Tha faaa^iulity of this aethod for accoapliahing withdrawal and 
i ramipori In dononni rated only on a Honlquantitativo baala. 

Thu principal physical faaturea aasociatad with the Method are depicted 
in Fig. 2. Thu Magnetic field shown there is produced by and la Inaldc of a 
solenoid which ia not shown. 

F.xiraction of tliu antiprotons occurs at the topmost point of the 
antihydrogen sphere In the figure and extraction of the positrons at the 
ioweni point. In hoili rases UKiraction is accowpl isiiod by dlrenUng 
clectroaagnetlc energy with roughly the wavelength of ultraviolet light at 
tliune points. For extracting the antlprotons the Intensity, wavelength, and 
cross section of the electromagnetic light baam ara choaen so that molecules 
of antihydrogen am dislogcd from the surface and at the same time ionixed 
into free antiprotons and positrons. For extracting the positrons the 
initnisiiy, wovulungth, and beaut urouu auction am chusun so that only 
ionisation occurs. The positrons become free, but the antiprotons remain 
bound to the sphere. 

At the top the free antiprotons are accelerated upward by the electric 
field and continue Into the antiproton transport region while being guided 
that way by the magnetic field. The associated positrons are drawn by tlie 
electric field buck unto the sphere. At tlie bottom tlte free positrons am 
drawn downward by the electric field into the positron transport region ':fhUe 
being guided that way by the magnetic field. 

Depending on the voltage required for suspension, the energy of the 
extracted antiprotons will be between a few tens and a few hundreds of kev. 
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With sufficiently utirong a«gn«cic and «l*ctrl,c fUlda it should be possible to 
ill reel them lu the ruekut engine with iittiu, if uny, loss in theit number. 
However, for (innihilation to occur with the nuclei of eetter (to be discussed 
in the ioi lowing section) their energy aust be reduced to about 1 ev or less 
(see Suction 3) while asking the cross section of their besa be on the order 
of iCi cm or less, 'i'hu aeans to accoapiish this energy reduction has not been 
investigated. 

The positrons aiit directed by the aagnetic field and, if necessary, 
eU'ctrlr fields to nn nuxIUnry electric power Bcnerntor 111 * Hero they 
iaplnge upon aattor wh\«rein they annihilate with electrons. The gamma rays 
prodnrod by renctlon (2) (most will have nn energy of about 1/2 mev.) pass 
through a series of metal plates whore they disloge electrons through compton 
Kcattering. Tin; resulting charge on tius plates is tlwi source of uluctricity 
produced by the auxiliary power generator. 

f). KuuKet Motor witit n IlLgit Velocity gxliuust 

Tlirust eaniiot be produeud from matter~antlwuttur unulliilation by simply 
feeding matter and antimatter into en ordinary rocket engine where they 
aniilhilate, as fuel and oxldixer are feed into the rockut engine of a cliemlcal 
rocket. There are two principal reasons for this. 

First, in order to avoid unwanted annihilation of the antimatter while 
passing into the engine, the antimatter must pass from a high vacuum in the 
antimatter iransferrul system into ot least a fairly high vacuum In the 
Interior of the engine. Without a vacuum in the engine, at least a 
significant portion of the antimatter would annihilate Immediately upon 
entering and deposit an excessive amount of energy at the entrance point. 
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Second, the nuijority of ch« energy from annihilation would be deposited 
outside tlie engine. Whutever uleuents of matter and antimatter are employed, 
a significant portion wi the annihilation energy initially goes into charged 
pions us in reaction (1). The distance these particles will travel before 
being stopped in « gas, whose density is on the order of atmospheric density, 
is very roughly (depending on the kind of gas) on the order of a few 
kilometers IlOj. Thus they will pass out of the engine. In surrounding 
solids their range will be very roughly on the order of a few meters. The 
muons, into which some of the charged pions will decay, have still longer 
ranges. The neutral pions produced by the annihilation have a very high 
proh/ihility of decaying into gamma rays before they interact with matter. 

A type of rocket engine that overcomes these difficulties is shown in 
Fig. 4 Tike main feature of the engine is that, it employs a non-uniform 
magnetic field to direct the changed annihilation pions rearward from the 
engine, thereby providing thrust. The particular engine shewn in the figure 
is one whlcli lias about the minimum possible sisc under the constraints that 
Llie maximum value of magnetic field is !>00,000 gases and tliat at least 40% of 
the mass energy of the annihilating protons and antiprotons goes into directed 
thrust. As will be seen later the engine may Itavc to be scaled up in size to 
provide adequate thrust. Nevertheless, the engine shown embodies ail of the 
features, except for magnetic field strength and scale, of larger counterparts. 

The magnetic field is produced by the turns of a coil that increase in 
radius and separation from left to right in the figure. The spacing of the 
turns is arranged so that the magnetic field lines form straight lines, all of 
which uminate from a common center on the engine axis 0.45 m to the left of 
the engine. Within the field is a vacuum except for the antiproton beam, the 
hydrogen beam, and the annihilation products. 
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The bean of antiprotons enters fro* the loft and collides at a right 
uuglu with u Uuuw ui hydrogen utous or ttolecules coaing frou below. Under the 
assuaptions that the two beaas arc of the sasue size and square in cross 
section, that the hydrogen beoM consists of atons, and that p H clastic 
scattering can be neglected the annihilation rate of the antiprotons, R.^ , is 
given by 



I 

and where and are the rates (number per unit time) at which 

am i pruLonti and II aLniuu enter the region, und V|j are their veiucitles, 

V is their relative velocity, h is Che conaon width of the two beams and cr(V) 

in the p-ii rearrangewent scattering cross section discussed in Section li. ii 

20 

and R|^ are 2 x iO particles or atoms per second (30 ampres), h is 
10 CM, and V corresponds to u collision energy of O.i uV, then R^ is such 
that about 95X of the p beam is analhilated. The fraction of the hydrogen 
atouis whose protons are annihilated would be the same. If elastic scattering 
were considered, then some of the antiprotons would be scattered out of the 
region of intersection of the two beams and Che fraction of antiprotons 
annihilated would be less than 95X* This reduction could be countered by 
making tite current and width of the U beam greater. In this case Che fraction 
of H atoms undergoing rearrangement and whose protons are therefore 
annihilated, would be reduced, and a significant portion of them would pass 
through the annihilation region. Nearly all of the H atoms passing through 
could be captured and recycled into the beam of H atoms. Such a procedure 
could, in fact, result in a nearly lOOZ annihilation of the antiprotons. 
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Ic nay not be feasible to produce a 30 aapre bean of antiprotons • with a 
urose suction of about iO cm and an energy about equal to O.i ev^ from u beam 
whose Initial energy would be on the order of a few hundred kev. A sign- 
ificant reduction of the p current and/or increase in bean size could overcome 
this difficulty. Howover, to achieve the same annihilation rate as with 30 
anperes and a 10 ca beam it would be necessry to eaploy multiple antiproton 
and H atom hoams and increase the size of the annihilation region. In 
addition it would be necessary to significantly increase the total current of 
H atoms relative to the total current of antiprotons resulting in a larger 
fraction that do not annihilate on the first time through. 

Tli<‘ r.liargod pions produced by the p-p annihilation follow paths in the 
magnetic field that may be described as follows. For each charged pion 
produced tiierc is a unique imaginary surface in the sluipe of a cone. Tlie 
surface of this cone is tangent to the velocity vector of the pion at the 
pion's point of origin and its vurtex is at the common point wheru ail of the 
magnetic field lines would intersect if tiiey were continued to the left. Tl, 
viTtex angle of tia: «i<nie depends on Liie veiucity. ciiarge, and mass of Lite pit>ii 
and on the strength of the magnetic field at the point of tangency. The 
dynamics of Lite motion of the pion in the magnetic field confines the pion to 
the surface of this cone. Actually two cones satisfying the above conditions 
are present. The positive pions move on one and the negative pions on Che 
ocher. The path a pion Cakes on Che conical surface is equivalent to that of 
a Lliin strip of paper wound around the cone such Chat the angle between the 
strip and a magnetic field line at the point of production is the same as Che 
angle between a magnetic field line and the velocity vector of the pion at 
that point. Thus a pion for which the preceding angle is greater than 90^ 
will move Co die right with an increasing angle Chat will not exceed iSO^. 
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A pion for which thin angle is leas than 90° will bovc' to the left with the 
ongiu increasing us it undergoes r spiraling notion around the umgnetic field 
lines. After the angle reaches 90° the pion will then begin noving to the 
right and eventually exit the rocket engine. Only a snail fraction of the 
charged pions will hnve velocity vectors whose angle is sufficiently small 
that tisiy will pass out of the engine on the left hand side. 

Of the total nas/. energy of the protons and anttprotons annihilating, 
about (tOX is converted into the kinetic energy of the charged pions produced. 
T1 h‘ mean lUimhtir of charged pions produced per p-*p annilii lation is Lliree. Kacli 
charged pion has a nean kinetic energy of about 360 Mev. Consideraion of the 
motion of these pions in the nagnotic field leads to tlie result tliat \Q1 of 
them are lost through the sides of the magnetic field and will pass out 
through Llie small end of tiie engine. Sowe of the charged pions will decay 
into noons and neutrinos before exiting the engine. A large fraction of the 
muons (which are charged) will exit to the right while contributing to tlie 
thrust, but Lite undirected neutrinos will renovc about 10% of the initial 
kiitetic energy of cliarged pious, in addition, about 3% of the energy iu lust 
in momentum components of the exiting charged particles that are perpendicular 
to the engine axis. The net result is that about 40% of the p-p mass energy 
is converted into the directed kinetic energy of the charged particle exhaust 
that provides thrust. A reoptimisation of the engine design concept, while 
keeping the same overall engine size, might increase this figure to 43% or 
30%. The improved version would probably involve a magnetic field witit curved 
lines of force and a repositioned annihilation region. 

Only a small fraction of the mass energy that does not go into thrust 
will be absorbed by engine components. This is because the mean path length 
in solids of the arinihilation products is, for the most part, much larger chan 
the distances Ch^'ty will travel through the components. Thus, cooling required 
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for the engine coaponete will not bo oubstaintlally greater than for a 
cheiuicai rocket engine with the aaac energy production rate. The chici 
difference here will be in the fact that the heating is produced by high 
energy particle radiation. The long tera effects of such radiation on the 
Klruc.titrnl Integrity of the engine hnvo not been considered. 

Although the power that goes into the production of thrust for the engine 
as shown in Fig. 4 is 2.4 x 10^ aegawatts (for 30 aapres of antiprotons) 
the thrust produi^ed is only about 70 newtons (16 pounds force). This is a 
consequence of the fact that the cxliaust has the extremely high velocity of 
about 95X of the velocity of light but a relatively low mass and, hence, low 
moraentuin. 

With such a high exhaust velocity and low thrust a spacecraft employing 

Kttuh eiiginoK loight Ih> suitable only fur interstellar travel. Consider a 

spacecraft whose total weight is roughly 100 times the thrust of each engine 

(1600 lb or 7000 kg). This is a base minimum muss sufficient to include 300 kg 

each, per engine, of hydrogen and untihydrogen, the mass of each engine 

(assumed to be about 100kg), plus otlter components. Tlte mean velocity over 

its travel time up to fuel exhaustion is somewhat under one half the velocity 

2 

of ligliL. Such a spacecraft would Itave an acceieration of 0.1 m/s (O.Olg) 
and would reach a distance of roughly 10 light years from the solar system in 
a few hundred years. Travel times much shorter than this arc desirable. They 
require a much larger acceleration which in turn requires a larger thrust and 
larger thrust to weight ratio for each engine. 

A larger thrust to weight ratio might be achievable by scaling the engine 
to a much larger sice than in Fig. 4. Let r be the linear scaling factor, 
i.e., the length and width of the engine increase by this factor. If the 
antiproton and hydrogen current densities are kept constant and the linear 
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dimeniiion of the croHS section of the besMS is Increased by r, then the energy 
tiruduciiiH) ruUi und thrust incruusu by u factor of r . 'fo have tive charged 
particle trajectories scale with the engine size requires that the aagnctlc 
field strength be reduced by a factor equal to r. This results In a reduction 
in the coil current per unit area of the conical engine surface by the snme 
factor. 

Presuming that the coll weight per unit area decreases by Che same 
factor, then the total weight of the coil and associated components and, 
approximately, the weight of the engine increase by the factor r. Since Che 
chrast Increases by r^, the thrust to weight ratio will increase approxi- 
mately by r. Thus by employing an engine like that of Fig. A but one hundred 
or wore times larger In size it might be possible to make the thrust of the 
engine comparable to or greater than its weight. This in turn might allow 
accelerations on the order of one or a few m/s~ on interstellar missions to 
the closest Starts and travel times on the order of a few tens of years. 

The above approximate results for the capability of a spacecraft 
employing c‘ngines of the type discussed in tills suction were based on the 
assumption of a single staged vehicle. Much improved capabilities could be 
acliieved if Uic above spacecraft were the final stage of a muiefstage 
spacecraft. The lower stage or stages of such a multistage vehicle would have 
rocket engines of lower exhaust velocity and much higher mass and momentum 
flow as well as much higher thrust. A concept for an antimatter annihilation 
rocket motor that would have such exhaust properties is described in the next 
suction. 
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7. Kockut Engine with High Thruit 

A roukcL wocor with u lower velocity exhuuet end hlghec thruui tliuii Lh«iL 
deecribod in the proceeding section would be achieved if sooe of the exhaust 
energy of that engine could be transferred to additional natter that would 
fora part oF the exhaust. A aodest increase in thrust for a fixed rate of 
production of directed energy could result in an engine more suitable for the 
upper stage of an interstellar spacecraft. A substantial Increase in thrust 
could result in an engine suitable for use in a high perforaance inter- 
planetufy spacecraft, in addition to being suitable for use in a lower or 
interaediate stage of an interstellar vehicle. 

Transferral oF exhaust energy to additional aatter nay be acconpllshCd by 
a collision coupling systen. In such a s'ysten natter in the form of a gas is 
introduced into tlte annihilation and/or exhaust region of the rocket engine. 
Collisions between the particles produced by annihilation and the gas atoms 
lead to a transferral of kinetic energy to the gas. In the process the gas 
atoms become ionised, hence they can be directed rearward from the engine by a 
iisignetlc Field. The result is an exltaust of neariy the same energy as without 
the gas but with lower velocity and higher mass, momentum, and thrust. 

A simpie means to accomplish this would be to extend the conical coil of 
the engine shown in Fig. 4 (or larger versions of this) to the right and 
introduce a gas into the extended region. However, the collision cross 
section of pions with the nuclei is so low (roughly one hundred to a few 
hundred millibarns) that the pions would have to travel on the average a few 
to several kilometers before striking a nucleus when the gas is at a density 
as high as standard atmospheric density. Collisions with the electrons are no 
more effective as an energy transferral mechanism. If the gas were ionized to 
become a plasma, the pions would not have a significant increase in their 
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on«rgy lovii over euch disuncea. In such a collision coupling syscca a 
KlgikiUcuuL pvrllun ol citu piona would ducay inco auona. 'i’ho uuona would have 
an even lower race of energy cransferral Co Che gaS| since chair nuclear 
collision cross succlon Is less Chan CtiaC of pions, while ocher energy loss 
nechanlSBS would be abouc Che saae. 

Thus, CO achieve an effeccive collision coupling sysceo requires chac Che 
charged pions fro« Che annlhilacion and Cheir decay auons be confined by a 
magnecic field for sooe clae before having Che possibillcy of exiCing Che 
engine. During ChU CIbc chey would Cravel groaC dlsCances wlchtn Che collis- 
ion coupling region allowing Chen Co Cransfer nearly all of Cheir energy Co Che 
nuclei of n plasma occupying cIk! region. Whereas Chls may be possible by 
employing Clme varying magneClc fields of Che proper shape, ic nay be difficult 
Co .ichieve. Calculations Indicate Chat certain parameters of Che syscum, such 
as confinement Cine, cenperacure, and density, have values Chat are greater 
chan are required Co achieve controlled Cheraonucloar fusion. 

A possible remedy Co Che above problem Is Co replace Che hydrogen, wUh 
wiiicti Lite anciprotons annihilate, with an ulemenC or Isotope will) a groaCer 
atomic number. The anciprotons would annihilate with protons in Che nuclei 
producing cliarged and neucral pions, boCli kinds of which ituve u Itlglk 
probability of Interacting with Che remaining nucleons in Che nucleus. A 
likely outcome of the Interaction would be a cascade process within the 
nucleus resulting in spallation, evaporation and possible fission leading co 
Che production a few or several light nuclides and Individual parclcles. all 
of which have higher mass and lower velocity Chan Che pions. If the isotope 
chosen has nuclei of very high atonic number, e«g. 238 U, nuclear breakup In 

itself night provide some additional energy beyond that due to annihilation 
alone. 
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Uhc of a hoavier alanaiil: than hydrogen would • therefore i result in the 
ungliiu ui li-lg. k (or u scaled up version) having a lower exhaust velocity and 
higher thrust. This in itself m»y be wore suitable for the rocket engines of 
the upper stage of an Interstellar spacecraft. The use of a heavier element 
than hydrogen I combined with the use of a collision coupling system, provides 
the engine concept shown in Fig. 5. This would be suitable for use in an 
Interplanetary spacecraft or in tlio lower or an intermediate stage In an 
interstellar vehicle. 

The magnetic field in the engine is pulsed with a period of about 17 
milliseconds. Xn Fig. 5 the field is shown in the maximum strength, or closed, 
configuration. Tn tills configuration the Field has its greatest strength of 
about 100,000 gauss at the entrance and throat. When the field is in the 
closed configuration, antiprotons arc injected through the entrance of khe 
engine and a beam of neutral high atomic number atoms are injected through the 
side. Aiuiiiii iation occurs at tiic intersection point which is at the center, 
resulting in charged nuclear fragments that are confined by tiie magnetic 
fluid. Tile beam of atoms continues flowing after anniliiiation has occurred. 

In each pulse it has a much higher total number of atoms than are required for 
anniliiiation. Tills extra matter becomes ionised due to collisions witli tiiu 
nuclear fragments and forms a plasma which is confined by the magnetic field. 
The field is held in the closed configuration for 7 milliseconds. During tills 
time the energy of the nuclear fragments is transferred to the unannihilatcd 
nuc lei . 

After the 7 millisecond confinement the field is opened by allowing its 

strength to decrease in the region of the throat. The plasma, whose mass and 

energy are held mainly by the unannihiated nuclei, escapes rearward from the 

20 

engine providing thrust. For an average input of 2 x 10 antiprotons per 
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Kocond the thruKt is about 550,000 newtons (125,000 lb). Thus, for the sarao 
in|iuL rate ul untiprutons, this engine has considerably more thrust chan Chut 
considered in the preceeding section. 

The principal characteristics of this engine are suauaarized in Table Ji . 
These arc based on certain assuaptions in regard to the charge ond nass 
distribution of the nuclear fragaents. The naxiaua teaperature of the injected 
matter is reached for only a very short time prior to the end of confinement. 
The tsean teaperature is auch less. With this consideration the plasma 
confinement characteristics shown in the table are comparable to those of 
present day plasma confinement machines. 

b. Suaaary and Conculslons 

Concepts have been presented here for some of the major, unique componets 
of an antisatter annihilation rocket. 

An electrostatic means appears feasible for storing solid antihydrugen 
(or <»ilier solid antimatter) by suspending it in a very high vacuum, however, 
a specific way has not been devised for tlie necessary euiitinuous cooling of 
the antihydrogen. 

It appears that untiprotons and positrons may be separately extracted 
from the solid antihydrogen through a particular means involving irradiation by 
untraviolet light. This concept has been examined on only a seaiquantitutive 
basis and more detailed quantitative work is required. 

There seem to be no substantial problems involved in the transport of tlie 
positrons to an auxiliary power generator by the use of magnetic and electric 
fields. The same is not true, however, in regard to transporting the anti- 
protons to the rocket engine wherein they undergo annihilation. Whereas by 
the use of magnetic and electric fields they can indeed be moved from the 
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ucoraii'i region co the engine, they Muet be slowed to energies of less than 1 
ev and be sputiuiiy concentrated. A oeens to accoMpliah this has not been 
devised. 

Annihilation takes place within the rocket engine by crossing an 
nntiproton hone with n bonis of ntons or Molecules of matter. The annlhllntlon 
rate is governed by an atomic rearrangement collision that brings the anti- 
protons close to the nuclei. It is evident that cross sections for those 
rearrangement reactions are large enough so that nearly iOOX of the anti- 
prntons can bo annihilated. Ilowevert the beam requirements for this aro 
dependent on an improved knowledge of the cross sections. This is particularly 
Important In regard to the low energy and high concentration roqui reinonts for 
the antiproton beam. Whereas the results of proton-antiproton annihilation are 
well understood, the results of tlie annihilation of antiprotons with heavy 
nuclei is not. Knowledge of the charge and mass distribution of the nuclear 
fragments would permit improved accuracy in tlie deturminatiun of the 
sped f I cat Ions of the high thrust annihilation rocket engine. 

The concepts presented here fur tlie two unnihilation rocket engines 
demonstrate that thruet can be produced from matter-antimatter annihilation 
with an efficiency for annihilation energy to tiirust energy conversion 
approaching SOZ. The principles upon which these engines are based are fairly 
straightfoward. but many details are not treated here. Of particular 
importance are details relating to engine weights and optimization of design. 
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Fig. 3 


Fig. 4 


Fig. & 


M MtrmngfBtiit croH« niction as a function of coUlsion oncrgy 
K, wlioro rt„ In tlio first Bolir rniUus of liyaroguii iinci a Ih Uiv 
uliurgu of tiio uiuctron. 


Suspension of stored antieiatter in a vacuua by an electric fluid 
and transfur of untlMuttur froM storage. 


Cross section of a Mchanisa for the vacuuv suspension of 
antiaatter designed in such a way that all evaporated antiatoms 
iroM the untimattur strike the mattur surfaces at s*'»ll unglus. 


Concept for a high exhaust velocity antiaatter annihilation rocket 
engine. 


Concept for a high thrust antiaattur annihilation rocket engine. 
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Tnbla 1. Principal CharaccariaCics of cho High ThruaC Engine. 


anciprocon flow rate average 

injecceH natter atonic naea no. ......... 

injected nntter flow rate (averngo) ..... 

full cycle 

confinement tine 

plaama denaity in confinenent 

maK i nun tempu raturc ..................... 

mean diatance traveled by nuclide ....... 

(•xlKiiiai kinetic energy .................. 

uxhauat velocity ....I 

thruat 

fraction of annihilation energy converted 
into directed uxhauat energy ....... 
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2 X 10 particlea/scc. 

240 (approx.) 

9 X 10^^ atone or ione/acc. 

17 ailliaec 

7 ntlliacc 

16 *S 

1.5 X 10 atone or iona/co 

2.6 X 10® 

500 Itm 

100 oV/ntomic nnKn uni I 
140 kn/aec. 

550.000 Newcona (125.000 lb.) 
50% 
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